Bioassay-guided fractionation of extracts from Acacia burkittii and A. acuminata heartwoods against an L1210 (mouse lymphoma) cell line led to the isolation of two flavan-3,4-diols, melacacidin (1) and isomelacacidin (2), and three flavonoids, 3,7,8,3΄,4΄-pentahydroxyflavone (3), 7,8,3΄,4΄-tetrahydroxyflavanone (4) and 3,7,8,3΄,4΄-pentahydroxyflavanone (5). HPLC analyses (280 nm) of the 70% acetone extracts of the two plants showed different profiles in terms of the relative concentration of the five identified compounds. When tested against L1210, compounds 1 and 2 were the most active, giving ID 50 values of 2.5 and 4.5 µg/mL, respectively. The lower activity of the other isolated compounds indicated the importance of the 3,4-hydroxyl groups for the cytotoxic activity of these flavonoids. The isolated compounds were either non-toxic or had very low toxicities against the "normal" CV-1 cell line (green monkey kidney cells). The O-methyl and O-acetyl derivatives of these compounds were inactive. Ten commercially available phenolic compounds (6-15) were also tested for their activity against both CV-1 and L1210 cell lines. Flavan-3,4-diols 1 and 2 were more cytotoxic to L1210 cells than all tested compounds, including catechin and epicatechin, the most abundant flavan-3-ols in many fruits and vegetable.
Natural products from woody plants have potential as medicines, taxol and podophyllotoxin being well known examples of anti-tumor agents from such sources. Despite the wide use of bioactivity-based isolation and purification processes, there are still relatively few reports of active compounds from heartwoods.
Flavonoids are a class of natural products of importance as constituents of the human diet and for their pharmacological activities [1] . Importantly, these heterocyclic compounds have been identified as major cancer-preventive components in our diet [2] . Acacia, a large genus among the most common trees in arid regions of the world, comprises more than 1,350 species belonging to the family Leguminosae, subfamily Mimosoideae. The botanical and chemical literature is replete with reports on the occurrence of amines, alkaloids, cyanogenic glycosides, cyclitols, fatty acids, terpenes, non-protein amino acids, phenolic compounds (mainly condensed tannins), and polysaccharides (gums) in these species [3] .
The flavonoids and proanthocyanidins (condensed tannins) found in Acacia species are characterized by the absence of 5-hydroxylation on the A ring compared to those of other species in which the 5-OH and phloroglucinol patterns are much more common [4, 5] . Tindale and Roux subdivided the flavonoids of the heartwoods of sixty-one Acacia species native to Australia into four broad groups, depending on the phenolic hydroxyl positions, as follows: 7,3',4'-trihydroxy (mollisacacidins); 7,4'dihydroxy (guibourtacacidins); 7,8,4'-trihydroxy (teracacidins); and 7,8,3',4'-tetrahydroxy (melacacidins 1). (-)-Melacacidin (1), (-)-isomelacacidin (2), the flavonoids 3, 4, and 5 (Figure 1 ), and the chalcone okanin were identified in Acacia acuminata heartwood by these authors [4] .
A. acuminata and A. burkittii are considered as either subspecies or closely related separate species [6] . A. acuminata, which has several recognized natural forms, grows only in south-western Western Australia, where its range abuts or overlaps the much larger range of A. burkittii. The A. burkittii range extends across the southern portion of the continent into south-western New South Wales. Whether species or subspecies, the trees are usually morphologically distinguishable and the heartwood of both has a characteristic odor reminiscent of cooked raspberries.
In the present work we isolated and identified five flavonoid compounds from A. burkittii: (-)-melacacidin (1), (-)-isomelacacidin (2), and three 7,8,3΄,4΄-tetrahydroxy flavonoids (3-5) ( Figure 1 ). The same five compounds were also obtained from A. acuminata. This is the first report of these flavonoids in A. burkittii, and the first report of potential antitumor activity for the isolated compounds. Moreover, the L1210 inhibitory activity of ten commercially available related compounds widely distributed in fruits and vegetables was evaluated, in an attempt to correlate the structural features to the biological activity among this set of compounds. In addition, HPLC and LC-MS analyses were performed on both A. burkittii and A. acuminata heartwood extracts to compare the chemical composition of both species and to help in creating a chemical profile for their identification.
Our preliminary in vitro cell-based assays of the 70% acetone extracts of heartwood powders from A. burkittii and A. acuminata showed moderate inhibitory activity against growing cultures of L1210, a mouse lymphoma cell line with a long history of use for pharmacological screening, and no observable cytotoxicity against CV-1 monkey kidney cells in a variation of another classical assay [7, 8] . The lack of cytotoxicity against the "normal" CV-1 cells made the L1210 activities of these two Acacia species interesting targets for isolation, since the combination of inhibition of cancer cells and lack of cytotoxicity to normal cells might indicate potential medical usefulness. The wood powder of A. burkittii was extracted successively with light petroleum, CHCl 3 and 70% aqueous acetone. The aq. acetone extract was partitioned further between EtOAc and water ( Figure 2 ). When tested against L1210 cells, the light petroleum, CHCl 3 and aqueous (partitioned with EtOAc) extracts showed no cytotoxicity at the highest concentration tested (100 µg/mL), while the EtOAc extract showed considerable activity (ID 90 25.0 µg/mL). Chromatography of this extract on a Sephadex LH-20 column afforded 8 fractions. Fractions 3 (ID 90 10 µg/mL) and 5 (ID 90 5.0 µg/mL), both eluted with EtOH, were considered most promising according to their bioactivity and TLC patterns. Both fractions were repeatedly fractionated on Sephadex LH-20 columns, sometimes with the aid of preparative TLC, to yield five pure flavonoid components (1) (2) (3) (4) (5) . The isolation is summarized by the flow chart in Figure 2 , which also displays the L1210 assay results.
The two most active compounds were identified as (-)-melacacidin (1) and (-)-isomelacacidin (2). Melacacidin (1) was isolated from both fractions 3 and 5. NMR spectroscopic and MS data of the isolated compound were in agreement with the reported data for melacacidin [9, 10] . CD spectra of 1 showed negative Cotton Effects (CEs) in the 280-290 nm region (1Lb transitions), which indicated 2R absolute configuration [11] . Methylation of melacacidin using diazomethane afforded the 7,8,3΄, 4΄-tetra-O-methyl-melacacidin (1a), and acetylation gave the 7,8,3',4'-tetra-O-methyl-3,4-diacetate 1b. (-)-Isomelacacidin (2) showed nearly the same color reactions on TLC plates, but with a slightly higher R f value. The NMR and MS spectra were in complete agreement with the reported data for isomelacacidin [9, 10] . The CD spectra showed negative absorption at 295.8 nm, indicating 2R absolute configuration [11] . The identification of isomelacacidin was also confirmed by formation of O-methyl and O-acetyl derivatives, and the correspondence of their 1 H NMR spectral data with the literature values [12] . 6 . The 1 H NMR spectrum displayed a doublet of doublets at δ 5.39 (J = 13, 2.7 Hz) for H-2, and a multiplet at δ 2.00 for H-3. The m.p. (125˚C) and negative optical rotation (-11.5) were in accordance with published data for (-)-7,8,3',4'tetrahydroxyflavanone (4) [15, 16] . The 1 H NMR spectrum of 5 displayed two doublets at δ 5.00 and 4.55 (J = 11 Hz) typical for the 2R, 3R-configuration of the dihydroflavonol. Physical, chemical and NMR data agree with those reported for (±)-2,3-trans-3,7,8,3',4'-pentahydroxyflavonone [12, 15] .
All fractions, sub-fractions and isolated compounds 1-5, from A. burkittii and A. acuminata were evaluated for their activity against L1210 and CV-1 cells. In addition, ten commercially purchased compounds ( Figure 3 ) were also evaluated for their cytotoxicity. The two flavan-3,4-diols, 1 and 2, exhibited potent inhibitory activity to the growth of the L1210 mouse leukemia cell line (ID 50 2.5 and 4.5 µg/mL, respectively), while both were non-toxic to the normal CV-1 monkey kidney cell line. This differential cytotoxicity indicates the potential safety of these compounds that would be necessary for clinical trials and human use. Melacacidin (1) showed more inhibitory activity to L1210 cells than its stereoisomer isomelacacidin (2), indicating the importance of the C-4 configuration to the activity. The other three isolated flavonoids (3-5) exhibited less inhibitory activity compared with the flavan-3,4diols, but still showed some considerable activity (ID 50 10, 7.5 and 9.5 µg/mL, respectively). It was also noticed that 1 and 2 showed more inhibitory activity against the L1210 cell line than all the tested compounds (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) , including catechin and epicatechin (6, 7, ID 50 15 µg/mL), which are abundant in many fruits and vegetables [17, 18] . Also, isolated flavonoids 3-5 were more active in inhibiting the L1210 cell line than all the tested commercial compounds. Our results show that the presence of either a free hydroxyl or carbonyl group at position 4 increases the anti-tumor activity of the flavonoid structure. Nevertheless, the flavanone glycoside hesperidin (8) showed no inhibitory activity at the highest concentration tested. It was also found that either methylation or acetylation leads to loss of cytotoxic activity. This indicates the importance of a free phenolic hydroxyl group for the antitumor activity of the tested compounds. All tested compounds showed no cytotoxic activity against CV-1 normal cells. HPLC is an efficient tool for studying plant secondary metabolites and their chemical diversity among related species and families. A. acuminata and A. burkittii are classified as either subspecies or closely related separate species [6] . HPLC and LC-MS analyses were performed to reveal the phytochemical differences between the two plants that may help in their identification. Isolated compounds 1-5 served as external standards for identification of HPLC main peaks. HPLC and LC-ESI-MS analyses showed that both species were qualitatively similar in terms of individual components, based on the retention time of individual peaks detected at 280 nm (Figure 4) , and also from the total scan of their ESI-MS ( Figure 5 ). Although the HPLC profiles of both plants showed the presence of five common compounds 1-5, they differ in their relative concentrations based on peak area measurements. The sum of total peak areas of compounds 1-5 represented ~ 75% and 55% of total peak areas of the 70% acetone extract of A. acuminata and A. burkittii, respectively. Compounds 1 and 2 were the two major compounds in A. acuminata, representing 40% the total peak area, while they represented only 21% of the total area in A. burkittii. On the other hand, the A. burkittii profile showed nearly equal peak areas for compounds 2, 3 A. acuminata studied before, and it was shown that they usually tend to form a dehydrated ion [M+H-H 2 O] + at m/z 289 during positive ion ESI-MS [19] , which was apparent in their MS scans.
Although the two plants showed different HPLC profiles in terms of quantitative analysis, these profiles, based on our results, could not serve as finger prints for classification of these plants. Further studies need to be conducted on these species of the same age and which grow in the same region and under the same environmental conditions in order to compare their phytochemical constituents. Our study proved that the two species are indeed very closely related in respect of their phytochemical constituents.
Experimental
General: 1 Extraction and isolation: Acacia burkittii (412 g) was extracted successively with light petroleum, CHCl 3 , and 70% aqueous acetone. The aqueous acetone extract was concentrated, and the aqueous layer partitioned against EtOAc. Evaporation of the EtOAc yielded 12.9 g of crude extract. A 3-g portion of the EtOAc extract was applied to a Sephadex LH-20 column (3 x 30 cm) and 100-mL fractions were collected. Elution started with EtOH (Fr 1-5) and was followed by EtOH-acetone-H 2 O 1:1:1 v/v (Fr. [6] [7] [8] . Fraction 3 (0.460 g) was further fractionated on Sephadex columns using different solvent gradients and sometimes by preparative TLC to yield compounds 1 (0.012 g), 2 (0.006 g), 3 (0.019 g), 4 (0.023 g), and 5 (0.019 g). Fraction 5 (0.238 g) was fractionated on Sephadex columns twice and, with the aid of preparative TLC, compounds 1 and 2 were obtained in relatively large amounts (22 and 16 mg, respectively). All steps of the above fractionation were monitored by bioassays against cell lines L1210 and CV-1. An outline of the separation procedure is shown in Figure 2 .
Methylation of melacacidin (1) was performed by adding 60 mL of freshly prepared diazomethane solution in ether to melacacidin (0.018 g) in 0.1 mL of MeOH [20] . The reaction mixture was kept in the freezer (-20˚C) for 24 h, and the solvent was evaporated at room temperature to give 0.0192 g of light brown material. Purification by preparative TLC (benzene-EtOAc 9:1) afforded 0.004 g of 7,8, 3',4'-tetramethoxymelacacidin (1a). The methylated compound was then acetylated using acetic anhydride and pyridine (0.2 mL each) to yield 0.0051 g (1c). TLC of fraction 3 showed the presence of the 5 major components. The 1 H NMR spectrum of this fraction showed no signals for methoxy groups in the range of δ 3.5 -4.0. Methylation of a 40-mg portion was performed in the same way as described for melacacidin (1) to give 60 mg of methylated fraction. This was separated by HPLC on a Hitachi D-7000 instrument equipped with a vacuum solvent degassing unit, a high pressure pump (Hitachi L-74500), an automated sample injector (Hitachi L-7200), and a Hitachi L-7455 diode array detector for UV absorbance. A 20-mg portion in 2 mL of EtOAc was injected onto an Econosphere Silica normal-phase HPLC column (250 X 22 mm) with 10µ particle size (Alltech, USA) at 25˚C with a flow rate of 4.0 mL/min of 50% ethyl acetate in n-hexane. 1a, 2a, 4a, 3a, and 5a , respectively.
HPLC-PDA and LC-MS analysis of A. burkittii and A. acuminata:
Powdered heartwoods of both A. burkittii and A. acuminata (50 mg) were extracted with 70% aqueous acetone (100 mL) at room temperature, the solvent was evaporated, and extracts were freeze-dried. A solution of 5 mg/mL was prepared from each plant extract, and filtered (0.22 µm PTFE), and an aliquot (5 μL) was injected.
HPLC-PDA analysis was performed using an Agilent 1100 HPLC system fitted with a RP-Supelcosel LC18 column (250 mm x 4 mm x 5 µm, Supelco, Bellefonte, PA). The mobile phase consisted of 95% H 2 O, 5% acetonitrile and 0.1% formic acid (A), and 95% acetonitrile, 5% H 2 O, and 0.1% formic acid (B) with a step gradient of 0%, 5%, 30%, 60%, 90%, 90%, 0% and 0% of solvent B at 0, 3, 40, 45, 50, 55, 60 and 70 min, respectively. A constant flow rate of 200 µL/min and an injection volume of 5 µL were employed. Samples or reference compounds (5 or 2 mg) were dissolved in 1 mL MeOH and filtered (0.22 µm PTFE) before injection. The five flavonoid compounds isolated from A. burkittii were used as reference compounds for peak identification.
LC-ESI-MS analyses were conducted with an LCQ Deca XP mass spectrometer (Thermo Finnegan Corp., San Jose, CA), MS version 1.3 SRI, ESI in the positive ion mode (m/z 200-2000), with a PDA detector (200-600 nm, version 1.2), auto-sampler version 1.2, and Xcalibur software for data processing. The HPLC separations were carried out on a C 18 RP column (150 mm, 2.1 mm i.d., particle size 5 µm, 90 Å) (VYDAC, Western Analytical, Murrieta, CA). The gradient system was as described above (in HPLC-PDA analyses).
L1210 bioassays:
The assays were performed according to our published procedure [21] with slight modification to obtain the ID 50 . The experimental samples were made up in MeOH solutions, and measured amounts were dried down in 18 wells of 24-well plates, the other six wells being reserved as negative controls. Generally the ID 90 estimates were used to guide the fractionation at final assay concentrations of 50, 25, 10, 5, 2.5 and 1.0 µg/mL. ID 50 values of pure compounds were measured by testing a series of 18 assays of concentrations ranging from 2µg/mL to 100µg/mL. After the solvent had evaporated, 1000 L1210 cells, taken from a flask in exponential growth, were added to each well in 1 mL of MEM10C. The plates were incubated (~72 h) until there were 8000 cells in the control wells, at which time the numbers of cells in the experimental wells was estimated by visual observation under an inverted optics, phase-contrast microscope, and inhibition, the difference between 8000 and the numbers present in the experimental wells, was expressed as a percent of 8000. Counting the individual cells is possible when the total number of cells does not exceed 800 per well, and we used this method to obtain reasonable estimates of inhibition for fractionation-guiding assays by treating the lowest sample concentration that gave 90% or greater inhibition as ID 90 values. When the cell numbers in the experimental wells were so large that counting was impossible, the area covered by the cells was compared to the cell area of the controls to estimate ID 50 values. This comparison is possible because the L1210 cells can be shaken into a roughly circular monolayer and the 8000 cell circle matches the diameter of the microscope field.
The CV-1 assay was done essentially as the previously described HSV-1/CV-1 assay in 24 well plates [8] , except that in place of the 0.2 mL of virus containing medium, 0.2 mL of new MEM5C was added just before the first agar layer. The samples were applied as measured volumes of MeOH solutions to 0.25-inch discs, which were added after the solvent had evaporated by dropping them on the surface of the first agar layer (1.0% agar in MEM5C). A second agar layer (0.5% agar in MEM5C) containing the neutral red stain was added over the discs and the first layer after 48 h of incubation. Twenty-four hours after the neutral-red staining-agar was added, cytotoxicity was scored as the diameters of the zones of dead, unstained cells around the discs. In earlier scoring of this assay, we treated lightly staining cells as living, provided that they maintained normal morphology, but for this series of assays we scored lightly staining cells as dead, since we found that an additional 24 h of incubation was enough for most of them to lose both their stain and their normal morphology. , 3R, 4R)-3, 4,7,8,3',4 ' -Hexahydroxyflavan, ((-)-Melacacidin, 1)
(2R
Pale yellow amorphous powder. Rf: 0.43 (CHCl 3 -MeOH 9:1) 1 H NMR, 13 C NMR and MS data of the compound were in agreement with the reported data [9, 10] . Estimated L1210 ID 50 of 2.5 µg/mL. CV-1 cytotoxic zone of 9 mm with 100 µg/disc.
(-)-Melacacidin hexaacetate (1c)

